Oxygen microelectrodes were used to analyze the distribution of the diffusive boundary layer (DBL) at the sediment-water interface in relation to surface topography and flow velocily. The sediment, collected from saline ponds, was covered by a microbial mat that had high oxygen consumption rate and well-defined surface structure. Diffision through the DBL constituted an important rate limitation to the oxygen uptake of the sediment. The mean effective DBL thickness decreased from 0.59 to 0.16 mm as the flow velocity of the overlying water was increased from 0.3 to 7.7 cm s-' (measured 1 cm above the mat). The oxygen uptake rate concurrently increased from 3.9 to 9.4 nmol cm-* min-I. The effects of surface roughness and topography on the thickness and distribution of the DBL were studied by three-dimensional mapping of the sediment-water interface and the upper DBL boundary at 0. l-mm spatial resolution. The DBL boundary followed mat structures that had characteristic dimensions > % DBL thickness but the DBL had a dampened relief relative to the mat. The effective surface area of the sediment-water interface and of the upper DBL boundary were 3 1 and 14% larger, respectively, than a flat plane. Surface topography thereby increased the oxygen flux across the sediment-water interface by 49% relative to a onedimensional diffusion flux calculated from the vertical oxygen microgradients.
The transfer of momentum in the turbulent how of water above sediments is controlled by inertial forces while mass transport takes place by eddy diffusion. Within a few millimeters to centimeters from the sediment-water interface, surface friction retards the flow to the extent that it becomes dominated by viscous forces. The vertical flow component is in particular suppressed within this viscous sublayer, and just at the sediment-water interface the velocity approaches zero. The diffusion time for dissolved molecules decreases with the square of the distance. Molecular diffusion therefore becomes a more important transport mechanism relative to eddy diffusion as the I Current address: Department of Ecology and Genetics, University of Aarhus, Ny Munkegade, 8000 Aarhus C, Denmark. Acknowledgments
We thank Elsebeth Thomsen for constructing oxygen microelectrodes and N. Villum Hansen for developing a computer program to calculate surface areas. Hilario Estrada-Toba and the Exportadora de Sal, Guerrero Negro, are thanked for their cooperation. We thank Bernhard P. Boudreau for discussions on boundarylayer transport theory. Jens K. Gundersen constructed equipment for flow experiments and Donald E. Canfield helped in the laboratory.
The study was supported by the Danish Natural Science Research Council (grant 8 1.59 19) and by the Planetary Biology Program of NASA. sediment surface is approached (e.g. Wimbush and Munk 1970) .
The dlfisive boundary layer (DBL), also called the diffusive sublayer, is the thin layer of water adjacent to the sediment surface through which molecular diffusion is the dominant transport mechanism for dissolved material. As the sediment surface is approached within the viscous sublayer, the transition to the upper boundary of the DBL is found where the eddy diffision coefficient, K, becomes smaller than the molecular diffusion coefficient, D. The transition from the relatively uniform distribution of dissolved compounds in the free-flow region to the difhrsion gradient within the DBL can be quite sharp; K decreases rapidly toward the surface in contrast to D which is constant. According to Shaw and Hanratty (1977) , the eddy diffusivity varies in proportion to 23.38, where 2 is the vertical distance above the sediment surface. At a distance of 0.5 x Z,, the eddy diffusivity may thus drop to only 15% ofD (Boudreau 1988; Z, is the thickness of the DBL, cf. Jorgensen and Revsbech 1985) .
The DBL is often only 0.2-l mm thick (e.g. Boudreau and Guinasso 1982; Santschi et al. 1983; Jorgensen and Revsbech 1985; Sweerts et al. 1989 ). Yet, it may play an important role for the exchange of nutrients and gases across the sediment-water interface. As examples, the accretion rate offerromanganese nodules on the sea floor has been found to depend strongly on transfer resistance of the DBL (Boudreau and Scott 1978; Santschi et al. 1983; Boudreau 1988) . Flux-chamber data on the oxygen uptake of marine sediments have been described well by a model that included a DBL of 0.7-1.9 mm (Hall et al. 1989 ).
Thie vertical diffusive flux, J, through the boundary layer is described by Fick's first law of diffusion as the product of the molecular diffusion coefficient of the dissolved compound and the linear concentration gradient (e.g. Crank 1975 ):
where C, and C,, are the concentrations in the 'bulk fluid and at the sediment-water interface. By defining the mass transfer coefficient, /3 = D/Z,, the following relation~is derived (Boudreau and Guinasso 1982):
(2) If there is no production or consumption of the chemical compounds within the DBL but only diffusive flux, the one-dimensional diffusion gradients should be linear according t:o classical boundary-layer theory. There is a gradual transition at the upper DBL boundary toward the eddy diffusion region. A well-defined thickness of the DBL can, however, be found by extrapolation of the linear DBL gradient out to the bulk concentration. This distance is the thickness of the efective dijiisive boundary layer, Z, (Jorgensen and Revsbech 1985) . Determination of the effective DBL requires measurements of the whole gradient. A simpler identification of the upper DBL boundary was: adapted in parts of this study for faster area1 scanning of its distribution. We used the level where the concentration had dropped below its free-flow concentration to 90% of its total gradient within the DBL. The DBL thickness defined in this way was found to deviate < 10% from its precise thickness determined from whole gradients.
If the thickness, Z,, of the DBL over a sed.iment can be determined experimentally for one chemical compound, it can be calculated also for other compounds. The thickness of the DBL, however, varies with D because it is the layer in which D is smaller than the hydrodynamically determined K. Shaw and Hanratty ( 1977) thus found the mass-transfer coefficient to vary with P.7. It is therefore necessary to correct for the diffusion coefficient of each dissolved compound. Oxygen microelectrodes have proven to be particularly well suited to analyze diffusive boundary layers of sediments. The technique has been used in the laboratory with artificial water flow over sediment cores (Jorgensen and Revsbech 1985) and also in the field with unimpeded, natural water flow (Reimers et al. 1986; Archer et al. 1989; Sweerts et al. 1989; Gundersen and Jorgensen 1990) .
The surface roughness of a sediment is important for both the thickness and to-, pography of the DBL. The effect depends on the height of the roughness elements, e.g., sediment grains, fecal ~pellets, ripples, or burrow structures of benthic animals, relative to Z,. Boudreau an,d Guinasso (1982, p. 127) stated that "if the heights of the roughness elements are smaller than the 'laminar' portion of the viscous sublayer, then the presence of the roughness will have only a negligible effect on the how and transport characteristics" and also that "when roughness elements are submerged within the layer, they are not capable of generating sufficient turbulence to disrupt the diffusive sublayer."
It was the aim of the present study to analyze the relation between surface roughness, flow velocity, and the thickness and topography of the DBL. Oxygen microelectrodes were used to identify the boundary layer as well as the sediment-water interface at a spatial resolution of 0.1 mm. We chose a sediment covered by a benthic microbial mat as the study object because of its high oxygen uptake rate due to intensive bacterial respiration, because of its well defined sediment-water interface, and because the height of the roughness elements was similar to the DBL thickness.
Materials and methods
The study was done on a microbial mat collected from the bottom of a hypersaline pond at Guerrero Negro, Baja California. A system of 0.5-l -m-deep, artificial salt ponds used to produce sea salt harbor 5-lo-cmthick cyanobacterial mats that cover a total area of -100 km2. Whole mat pieces of a few square decimeters surface area and 5 cm thick were carefully collected from Pond 5 which had a salinity of 108'G and a temperature of 24°C. The mats, which have an extremely high respiration rate, were kept under a humid atmosphere rather than under water to prevent the surface from becoming anoxic during transport to the laboratory (NASA-Ames Research Center). The mats were kept for 4-6 d in a greenhouse under -50% natural daylight in aquaria with aerated brine from the sampling site.
A mat core of 4-cm diameter was transferred to a flow aquarium with air-saturated brine of 1067' salinity and a temperature of 26°C. The core surface was positioned flush with the surface of a surrounding, 15-cm-long and 8-cm-wide acrylic plate over which a 1.5-cm-deep water layer flowed. Large eddies were eliminated by passing the inflowing water at 10 cm upstream from the core over a threshold and through a 1 O-mmthick plate densely perforated by 2-mm-wide holes. Water was circulated by a centrifugal pump, and the flow velocity was regulated.
It was not crucial for the determination of the diffusive boundary layer whether the oxygen concentration increased or decreased at the mat surface. The measurements could in principle be done either in the light, resulting in a net outflux of oxygen due to photosynthetic oxygen production within the mat, or in the dark, resulting in a net influx due to oxygen respiration. Observation of the position of the mat surface, however, required illumination.
Photosynthetic oxygen production in the light was so intensive as to raise the oxygen concentration just below the mat surface to > 1 atm. It gave rise to oxygen bubbles that influenced the boundary layer. To avoid this effect, we added an inhibitor of oxygenic photosynthesis, DCMU [3-(3,4-dichloro)-l,ldimethyl-urea] , to the water to a final concentration of 10 PM. It was thus possible to observe the phototrophic mat in bright light with only oxygen respiration affecting the oxygen microgradient. Plow velocities were measured by tracing small, suspended particles at middepth in the flowing water. A dissecting microscope was used together with a stopwatch to determine the transport time over a known distance of five particles for each flow. Particle speeds varied by + 10-l 5%.
The diffusive boundary layer was identified from oxygen microgradients in the water above the mat surface. As boundary layers were < 1 mm thick, a spatial resolution of 10.1 mm was required. The oxygen distribution was determined with an O2 microelectrode with built-in guard cathode and reference electrode (Revsbech 1989a ).
Three specifications of the applied microelectrode are important for its applicability for boundary-layer studies. The electrode tip was small, -10 pm in diameter. It therefore caused minimal disturbance of the water flow. The 90% response time was 1 s. This is about five times slower than can readily be obtained with the Clark-type 0, microelectrode (Revsbech and Jorgensen 1986) . The relatively slow response was a tradeoff for optimizing the third property: the electrode had insignificant (< 1%) stirring sensitivity, i.e. there was very little effect of flow velocity on electrode response.
The microelectrode was moved along X-Y-Z coordinates with a micromanipulator while observing the mat under a dissecting microscope. The precision of positioning was +50 pm. Depth profiles of oxygen were measured at different X-Y positions over the mat surface and at different flow velocities.
The position of the mat surface was determined at +50 pm precision by slightly vibrating the microelectrode as it was slowly moved downward. The position where a cyanobacterial filament, a diatom, or some other small particle at the mat-water interface was first observed to vibrate together with the electrode was defined as the mat surface. As the mat had a rather dense surface texture, this approach gave an identification of the mat-water interface reproducible within 0.1 mm.
A mapping of the diffusive boundary-layer thickness relative to the surface topography of the mat was done from multiple depths determinations of the initial decrease in oxygen concentration as the microelectrode descended. For each X-Y position, the microelectrode was slowly moved downward while the oxygen level was read on a strip-chart recorder. The top of the boundary lawyer was found at the depth where the oxygen concentration had dropped to 90% of the free-flow concentration. The electrode was then moved further downward to determine the surface position. The most detailled mapping involved 360 profiles covering a 1 3-mm2 grid of 18 x 20 data points at O.;!-mm horizontal X and Y increments. Repeated measurements at selected positions showed no detectable changes of surface topography during a 7-h period of continuous mapping. The coordinates for both the mat surface and the DBL surface were used to develop three-dimensional plots of the topographic surfaces by use of the program Surfer (Golden Software, Inc.). For each plot, a regular grid of 50 x 50 grid poin1.s was generated by an interpolation method in which the nearest 10 data points were weighted according to inverse distance. The Z contours of the topographic surfaces were then calculated and plotted.
Results
Stability of gradients-Oxygen concentrations measured by a microelectrode in the free-flow region of the water varied only s1owl.y within f 5% over several hours. Also within the mat, O2 was stable over the periods. of measurement. In the DBL, however, concentration gradients showed significant fluctuations over seconds and minutes. In order to partly eliminate the time dependence of individual boundarylayer gradients, we measured each rapidlywithin 30-50 s. The temporal stability of the oxygen distribution was analyzed by continuous concentration recordings with the microelectrode positioned at different deptlhs in the boundary layer.
One such set of recordings was made over a point of the mat surface where the DBL was relatively thick, about 0.9 mm (position 1, se.e Fig. 4 ). In Fig fluctuations ("noise") too rapid to be detected at the l-s 90% response time of the microelectrode. The oxygen concentration in the circulating pond water over the mat was maintained at 100% air saturation. Starting -1 mm above the mat surface, the oxygen concentration dropped below saturation and showed temporal fluctuations. At 0.9 mm above the mat the fluctuations were small but relatively rapid. The amplitude of the concentration fluctuations increased toward the central part of the DBL while the frequency decreased. At 0.5-0.2 mm above the mat there was a wide temporal spectrum of stochastic fluctuations ranging from a few seconds to several minutes. Closer to the mat surface, at 0.1 mm, the fluctuations were damped. The oxygen concentration just at the mat-water interface, 0.0 mm, remained within 6-8% of air saturation. At only 0.1 mm below the mat surface, the oxygen concentration was constantly zero.
E&t of flow velocity-To demonstrate how the oxygen microgradients and the DBL, were affected by water flow, we increased the flow velocity over the mat stepwise by roughly twofold increments. For each flow velocity, three or four oxygen profiles were rapidly measured at position 1 and the mean profile was calculated (Fig. 2) . At the lowest flow velocity, the oxygen concentration started to drop below air saturation at 0.9 mm above the mat surface. The concentration was down to 6% of air saturation at the mat-water interface, and oxygen penetrated only 0.05 mm into the mat. The bars on the oxygen curve show the extremes of four repeated measurements at this flow velocity. Although the continuous recordings in Fig.  1 may give the impression of an unstable boundary layer, Fig. 2 shows that the timeaveraged oxygen microgradients and the thickness of the DBL were well defined.
The magnitude of concentration fluctuations in the boundary layer depends on the product of the hydrodynamic fluctuations and the concentration gradients. The smaller oxygen fluctuations in the outermost DBL relative to the central part ( Fig. 1) were due to the less steep concentration gradient at the transition toward the mixed zone (Fig.  2) , not to lower turbulence.
As the middepth flow velocity was incrementally increased from 0.3 to 7.7 cm s-l, several important effects were evident from the oxygen microgradients (Fig. 2) .
The thickness of the effective DBL decreased from 0.59 mm to 0.16.
The oxygen microgradients steepened. As the molecular diffusion of oxygen into the mat is proportional to the gradient at the mat-water interface, the steepening of the gradients caused a corresponding increase of the diffusive fluxes.
The amplitude of oxygen fluctuations (horizontal bars in Fig. 2 ) decreased, i.e. the DBL became more stable at higher flow velocity.
The oxygen concentration at the mat-water interface increased from 6% of air saturation at the lowest flow velocity to 40% at the highest.
The depth of oxygen penetration into the mat increased from 0.05 mm to 0.15. Thus, the zone of aerobic respiration as well as the availability of oxygen within the mat was highly regulated by the flow rate of the overlying water. The mat community obviously had a high potential respiration rate that was largely limited by the diffusive flux of oxygen through the boundary layer.
The oxygen fluxes into the mat by moiecular diffusion through the DBL were calculated for each flow velocity from the linear oxygen gradient just above the mat surface according to Eq. 1. The molecular diffusion coefficient of oxygen in water at 28°C was calculated, by temperature and water viscosity correction from data given by Broecker and Peng (1974) , to be 2.55 x 1O-5 cm2 s-l.
The oxygen flux was most sensitive to flow at low velocities (Fig. 3) where the masstransfer resistance of the DBL was highest. There was a threefold increase in oxygen diffusion from the extrapolated flux at zero water flow to the highest flow velocity applied. The oxygen concentration at the matwater interface increased correspondingly from 5 to 40% of the bulk concentration (Fig. 3) .
Efict of topography-The DBL, which covers the entire mat surface like a thin blanket, must follow the surface topography or relief of the mat. A transect along the
Water flow lcm 5 -1 I Fig. 3 . Vertical flux of oxygen by molecular diffusion through the boundary layer as a function of flow velocity over the mat. Flux data were calculated from the linear oxygen microgradients just above the mat surface at position 1 (cf. Fig. 2 ). The oxygen concentrations at the mat-water interface are also shown in relation to flow velocities. direction of flow showed how the upper limit of the boundary layer varied relative to mat structures of different dimensions (Fig.  4) . The transect was constructed from 50 determinations of the vertical position of the DBL and the mat surface, respectively.
The main topographic features of the mat were a 4-mm-high ridge running perpendicular to the flow direction and small, circular mounds of 0.5-l-mm diameter created mostly by tufts ofdiatoms, e.g. positions 2 and 4 (Fig. 4) . The mean DBL thickness over the smoother mat areas was 0.5-0.6 mm. As water Rowed over the ridge, the DBL was reduced to 0.3 mm thick on the upstream side. The smaller diatom tufts protruding as structures 0.2-0.5 mm high above the mat surface caused only a slight bulging of the upper DBL limit.
The DBL limit was thus smoothed out over structures that had a characteristic dimension of about half the boundary layer thickness. Over larger structures such as the ridge it generally followed the topography but was thinner on the upstream slope. The shape of the oxygen microgradients within the DBL must thus vary strongly with position on the surface relief. This correspondence is demonstrated for the four positions shown in Fig. 4 . In the upstream plateau, where the mat surface was relatively even, the oxygen microgradient was slightly steeper over the mounds (Fig. 5, positions 1 and 2). The gradient was steep on the slope of the ridge (position 3). The oxygen levels at the mat surface showed only small increases between position 1 and 3. The relatively high and narrow mound of position 4 penetrated far up into the boundary layer. It created a steep diffusion gradient that raised the oxygen level at the mat-water interface twofold relative to the surrounding mat surface.
The transect in Fig. 4 was measured again at a fivefold higher flow rate of 1.5 cm s-' (data not shown). The average thickness of the diffusive boundary layer over the smoother mat areas was reduced from 0.5-0.6 mm to 0.4 mm and the DBL limit more closely followed the topography of the mat surface.
Mapping ofthe boundary layer-Detailed topographic maps of the mat surface and of the dillusive boundary layer were made over a small area of the mat. The spatial resolution was 0.1 mm for X, Y, and Z dimensions, The mat topography included three main mounds created by diatoms and cyanobacteria plus some smaller structures (Fig, 6 ). An arbitrary level just below the mat surface was chosen to define Z = 0.0 mm. The highest peaks were at 0.9-l. 1 mm. This mat structure was clearly reflected in the topography of the overlying diffusive boundary layer which also showed three main peaks (Fig. 6) . The lowest valleys were at 0.7-0.8 mm and the peaks reached a height of 1.4-1.5 mm.
In order to show the precise relation between surface relief and DBL distribution, we also show the three-dimensional plot of Fig. 6 as a simple topographic map in Fig.  7 . (Fig. 7 shows a map of the DBL thickness and not of its topography.) The boundary layer was thin, about 0.3 mm, over the three mounds and thinnest on the upstream side of the mounds. Over the valleys, the DBL was mostly 0.5-0.7 mm thick. It grew to a thickness of 0.8-l. 1 mm over two narrow dents just downstream from the highest mound (top center of DBL map in Fig. 7) .
The frequency distribution of DBL thicknesses within the mat area mapped in Figs. 6 and 7 is somewhat skewed toward greater values (Fig. 8) . The mean thickness of the DBL based on all 360 data points was 0.52 mm,
The base area covered by the plots in Figs. 6 and 7 was 12.92 mm*. The actual surface areas of the mat and of the DBL were, however, larger due to their irregular topographies. The areas of their topographic surfaces were calculated from the gridding files established to create the contour plots in Figs. 6 and 7. With the 0.1 -mm spatial resolution of the data and with the applied smoothing routine of the gridding program (cf. Fig. 6 ), the following areas were calculated mat surface = 16.9 mm2; DBL surface = 14.7 mm*. Thus, the actual surface area of the microbial mat was 13 1% of the base area and the DBL surface area was 114OK
Due to the irregular topography of both DBL and mat surface, simple one-dimen-cq relative to the horizontal plane, its surface area will be larger than the projected, horizontal base triangle by l/cos CX. On average, the surface area was 1.3 1 -fold larger than the base area. Since there is a linear relation between area and cos cx of all topographic surface triangles, the arithmetric mean of their relative area, 1.3 1, will give the arithmetic mean of cos CN of all the triangles: 1 /cos CY = 1.3 1; mean CY = 40'. Similarly, for the mean cos cx of the DBL surface: l/cos cx = 1.14; mean a = 29'. The oxygen diffision took place from 100% air saturation at the DBL surface toward the mat, so the area available for diflusion should be corrected by l/co3 29', i.e. by a factor of 1.14.
As an approximation, we then assume a linear gradient of oxygen from the free-flow concentration ( 100%) at the DBL surface to the mat surface. Furthermore, diffusion is assumed to follow the shortest path from each point on the DBL surface toward the mat surface. The gradient should therefore be measured perpendicular to the mat surface. The actual thickness of the DBL is therefore not Z* but ~7 = Z&OS a (Fig. 9) . The mean diffusional gradient is accordingly steeper, and the calculated flux should be corrected by l/cos 40°, i.e. by a factor of 1.31.
From this double cosine correction we derive a topographically corrected diffusive flux, J', through the DBL larger than that calculated from a one-dimensional gradient by 49% (1.14 x 1.31 = 1.49):
J' = J x (A'/A) x (6/Za) = J x (l/cos 40") x (l/cos 29'). (3) MAT SURFACE
This approximation is a product of the 1.31)/2 = 1.23; mean CY = 36'. This double cosine correction yields l.232 = 1.5 1, i.e. sional flux calculations of oxygen diffusion only 2% higher than the former approach. through the DBL are not correct. The area1 calculations above can be used in an ap-Discussion proximated correction for the topography velocity sensitivity of microelectrodes -In as follows (Fig. 9) .
order to correctly interpret the oxygen miVVhen a triangttlar element of the gridded croelectrode data in terms of boundary layer topographic surface of the mat has an angle, characteristics, it is important that the elec- trode itself does not change the boundary layer and that the electrode response is not affected by the boundary layer.
The oxygen microelectrode constitutes a physical barrier for the flow and could thus modify the flow pattern and the boundarylayer thickness. We have no quantitative measure of such a potential effect. The electrode tip had an external diameter of -10 pm and tapered gradually toward the shaft. Thus, the electrode width was small relative to the dimensions of the boundary layer. The mapping of the boundary layer fur- thermore showed that much larger structures protruding from the mat surface half way up into the DBL had a small effect on its extent. Consequently, we do not expect that the electrode could significantly have altered the distribution of the DBL.
A functioning microelectrode consumes oxygen in proportion to the electrode current (-70 pA for the applied microelectrode at air saturation). The signal may therefore depend not only on the oxygen concentra- face. Fig. 9 . Geometric model used to calculate the total diffusive flux through the DBL over a topographic sur-tion but also on the external mass-transfer resistance as oxygen moves from the medium to the electrode tip. As mass transfer can be both by diffusion and by convective flow, oxygen flux to the electrode tip may be a function of flow velocity. The flow velocity decreases in the viscous sublayer from the bulk medium toward the sediment surface. This may cause a decrease in the oxygen transfer to the electrode tip, which would incorrectly be interpreted as a decrease in oxygen concentration through the DBL, independent of the actual gradient.
Sulch a potential artifact was recently demonstrated by Gust et al. (1987) who pointed out that microelectrodes have their own DBL around the tip and are therefore inherently sensitive to flow velocity. For the cathode-type oxygen microelectrodes they used, oxygen gradients are established in the medium just around the tip. As the electrodes of Gust et al. had very high currents and oxygen consumption rates, they were unusually sensitive to flow. Although the results may therefore not be representative for most'other studies with oxygen microelectrodes, Gust et al. raise the important point that it is essential always to check the velocity sensitivity of microelectrodes.
The oxygen microelectrode we used was of the Clark type with built-in reference electrode. It furthermore had a guard cathode to reduce background current (Revsbechl 1989a) . In this type of electrode the main difliision barrier and oxygen gradient in front of the cathode lies within the silicone membrane and not in the medium surrounding the tip. The electrode, as it is routinely made in our laboratory at the University of Aarhus, generally has a maximal velocity effect of ~2% and a 90% response time of < 1 s.
Tlhere is a tradeoff, however, between flow velocity sensitivity and response time. When the distance (membrane thickness) between electrode entrance and cathode tip is increased, there is a relative shift in the mass transfer resistance from the external medium around the electrode tip to the internal diffusion path within the electrode. As a result, the electrode becomes less sensitive to stirring but the response time increases. The oxygen microelectrode used in the present study had very small velocity sensitivity (c 1%) to the detriment of the response time (1 s). Revsbech (I 989a) demonstrated that an electrode with these properties showed no a&factual oxygen gradients in the DBL.
oxygen microelectrodes with velocity effects in excess of a few percent are consequently not suited for DBL studies (and should preferably not be used at all to measure oxygen concentrations). It is an interesting possibility, however, to make use of the adverse effects of flow: the combined use of microelectrodes w.ith and without a strong velocity sensitivity could theoretically be used to measure flow velocities in microscale at CO. 1 -mm resolution.
Stability of the DBL, -Oxygen concentrations measured in the mat and in the bulk medium at > 1 mm from the sediment surface were very stable over time. Variations over a few minutes were generally < 2Oh but some long-term drift over tens of minutes occurred, possibly due to variations in oxygen saturation level or in mat respiration rate (data not shown). Within the boundary layer, however, oxygen concentrations fluctuated in response to turbulence and to patterns of water flow from upstream regions Close to the mat-water interface, the flue-, tuations were strongly suppressed.
Patterns of flow and oxygen exchange ovei a rough sediment-water interface are very complex. In addition to stochastic fluctuations caused by turbulent flow components in the inertial flow region, sudden "bursts" of strong water movement also occur in the boundary layer (Boudreau 1988) . Although such bursts are difficult to describe mathematically, the mass transfer calculated from a bursting model is similar to that calculated from classical boundary-layer theory when averaged over a period of several bursts. The oxygen microgradients at the point of measurement are also affected by the upstream oxygen consumption within the DBL and thus by fluctuations in horizontal flow* Although these phenomena may give the impression of an unstable boundary layer, the time-averaged mass transfer by molecular diffusion is still much faster than the eddy diffusion in the DBL.
An independent check of this assertion could be done by comparing the calculated diffusional flux with the total oxygen uptake over the mat-water interface. Such a comparison was not made in the present study, but has been done for a marine sediment (H. Rasmussen and B. B. Jorgensen in prep.). The calculated diffisional flux averaged 69% of the total flux. This estimate did not take into account the double cosine correction for surface topography or the ventilation by burrowing animals, which may well account for the "unexplained" 3 1% in that sediment. The oxygen flux calculation based on pure molecular diflusion thus provided a realistic estimate of the total oxygen uptake.
In spite of the fluctuating concentrations shown in Fig. 1 , the mean oxygen gradients through the DBL were quite reproducible when consecutive profiles were measured (Fig. 2) . The reproducibility increased with the flow velocity and, thus, inversely with the thickness of the DBL (Fig. 2 and data not shown).
The characteristic period of fluctuations was a few seconds to a few minutes (Fig. 1) . We did not notice any fluctuations at > 1 Hz frequency, only as occasional electrical noise independent of electrode position. Gust et al. (1987) reported fluctuations of l-l 0 Hz from measurements with both microelectrodes and skin-friction sensors in the boundary layer of a laboratory microcosm. With a 90% response time of 1 s, we would not have seen the full amplitude of > l-Hz fluctuations but should still have been able to notice their presence. Recent microelectrode studies over a marine sediment have shown that the frequency of fluctuations increases strongly with increasing flow velocity (Gundersen and Jorgensen 1990).
Efixt @"flow-The fluctuating components of the flow velocity generally decrease as the sediment surface is approached. The distance above a sediment surface where the flow changes from predominantly turbulent to predominantly viscous depends on the flow velocity. Higher flow velocity increases the eddy diffusion coefficient, K, and thus decreases the distance from the sediment surface, Z6, where K becomes smaller than the molecular ditfusion coefficient, D.
The DBL constitutes a barrier to mass transfer across the sediment-water interface. The microbial mat studied here had such intense oxygen respiration that the external transfer resistance in the DBL was large at all flow velocities relative to the internal resistance caused by diffusion within the mat and by the reaction kinetics of oxygen consumption. The oxygen uptake of the mat thus was largely governed by DBL impedance. It was therefore highly sensitive to variations in DBL thickness and thus to flow velocity (Fig. 3) . As flow velocity increased, the oxygen concentration at the mat surface increased, the depth of oxygen penetration into the mat increased, and the mass transfer resistance partly shifted from extimal toward internal. The diflusive flux had relatively little flow sensitivity at high velocities, > 3 cm mini. Extrapolation of the flux-vs.-flow curve (Fig. 3) to zero flow indicated a flux of perhaps 3 nmol OZ cm-2 min-I, i.e. a third of the maximal flux calculated. This relatively high flux may be explained by the residual flow and eddy diffusion due to, for example, thermal convection over the mat. Such convection remained in the absence of an externally forced circulation.
A predominant DBL mass-transfer resistance for oxygen as observed here is characteristic of organic-rich sediments with high rates of microbial respiration at the surhace. Typical examples are coastal sediments covered by microalgae or by colorless and phototrophic sulfur bacteria where oxygen penetration below the sediment-water interface is only on the order of 0.1 mm (Jargensen and Revsbech 1985) . The oxygen penetration in most sediments is considerably deeper, > 1 mm. Based on oxygen microelectrode data obtained by an in situ profiling instrument from the outer continental shelf, Archer et al. (1989) calculated that the natural DBL slowed the diffusive flux of oxygen by only 10%. The depth of oxygen penetration that they measured was -5 mm and the DBL thickness was 0.5-1.5 mm. Calculations of the accretion rate of Mn nodules on the deep-sea floor indicate that this relatively slow process is also controlled by molecular diffusion of dissolved metals through the DBL surrounding the nodules (Boudreau and Scott 1978; Boudreau 1988) . This calculation shows that the mass-transfer resistance of the DBL does not depend only on total diffusive flux but rather on the concentration drop across the boundary layer relative to the free-flow concentration.
Ejkct of surface roughness-A number of earlier studies seem to disagree concerning the effects of surface roughness on mass transfer over a solid-water interface (see Boudreau and Guinasso 1982) . In some experimental studies an increase in surface roughness resulted in an increase in mass trans,fer of heat or chemical species, but in others it resulted in a decrease. On the basis of the present data (Fig. 6) , the explanation for such disagreement could be that surface roug:hness has two opposing effects that may balance differently between studies. At a fixed forcing level for the flow, increased surface roughness tends to retard the flow and thus to increase DBL thickness. This ,thickening decreases the diffusive flux through the DBL. Increased surface roughness at the same time increases the actual surface area of the DBL, which increases the diffusive flux. For the slow flow (0.4 cm s-l) and < 1 mm surface relief studied here, the latter effect increased the diffusive flux by 49%" Higher flow velocity or stronger relief would increase the percentage further.
In conclusion, we find that oxygen microelectrodes are excellent tools to demonstrate the distribution and properties of diffusive boundary layers. It is a requiremem, however, that the surface sediment has a sufficiently high respiration rate. The minimum respiration rate required can be calculated as follows. We assume a DBL thicjkness of 0.5 mm and a minimal decrease in oxygen concentration, Cm -Co, of -5%, which is necessary to determine the gradient. If Cm at air saturation is 250 PM, the minimal gradient is 250 nmol cm-4. The molecular diffusion coefficient at, e.g. 10°C, is 1.,57 x 10d5 cm* s-l (Broecker and Peng 1974). The minimal diffusional flux is thus 250 x 1.57 x 10e5 x 60 = 0.24 nmol crndz min.-' or 3.5 mmol rn-* d-'. This requirement limits the approach to sediments of the continental shelf and upper slope or to freshwaters where sediment respiration generally exceeds this limit. Once the DBL distribution has been determined from oxygen microgradients, the data can also be used to study the flux of other dissolved compounds across the sediment-water interface.
The oxygen uptake rate of aquatic sediments shows varying sensitivity to flow velocity (stirring) and to the oxygen concentration of the overlying water (e.g. Boynton et al. 198 1; Campbell and Rigler 1986) . The observed dependence of the diffusive oxygen flux on roughness and bulk oxygen concentration may explain many of these observations as an effect of the relative masstransfer resistance of the DBL. Calculation of oxygen uptake rates from DBL gradients rather than from gradients in the sediment has the advantage that the diffusion is independent of sediment porosity. Both porosity and the diffusion coefficient are difficult to determine at sufficient spatial resolution in sediments to constrain diffusion calculations, although microelectrode techniques to do so have been developed (Revsbecb 1989b) .
